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SUMMARY 


Fused quartz has been irradiated with neutrons and protons at room temperature and with 
X-rays and y-rays at liquid air temperature. The two corpuscular radiations give rise to a 
narrow electron spin resonance line superimposed on a broader six-line structure, which is ten- 
tatively suggested to be due to a hyperfine interaction with impurities of Al?’, The samples 
exposed to the electromagnetic radiations at liquid air temperature show in addition an un- 
stable resonance line, and on heating they emit light. It is found that the electron spin 
resonance and the thermoluminescence are due to different kinds of centres. 


In electron spin resonance (ESR) work the samples are very often enclosed 
in tubes of fused quartz. After such a sample has been irradiated, one usually 
obtains a resonance signal not only from the sample itself but also from the 
quartz tube. It is therefore of great practical interest to investigate ESR spectra in 
irradiated fused quartz. This fact initiated the present experimental investigation. 

The ESR spectra were obtained by means of a VARIAN V-4500 spectrometer 
operating at a microwave frequency of 9.5 kMc/s. This spectrometer was some- 
what modified for work in the temperature region 80°K-160°K. A brass rod was 
soldered to the bottom of the resonance cavity, and during experiments it was 
suspended in liquid air. The temperature of the cavity, which was measured with 
a thermocouple, could then be changed by varying the distance between the 
cavity and the surface of the liquid air. The temperature could be kept stable 
within +1°. A similar arrangement for temperature control was also used in 
connection with the luminescence measurements. 


Fused quartz irradiated at room temperature with neutrons and protons 


Tubes of fused quartz (diameter 4 mm), commonly used as sample containers, 
were irradiated at a temperature of about 45°C in the reactor R 1 in Stockholm. 
The total flux of thermal neutrons was ~0.5-1018 neutrons/em?. The neutron 
spectrum also contained fast fission neutrons amounting to ~5% of the number 
of thermal neutrons. After the irradiation the colour of the quartz tubes was bluish. 

The ESR spectra of the tubes consisted of a slightly asymmetric broad line 
with an apparent g-value of 2.010 +0.002 and a narrow line with g= 2.000 + 0.001. 
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50 Gauss 


Fig. 1. The first derivative of the ESR absorption at liquid air temperature of a quartz tube 

irradiated at a temperature of about 45°C with thermal neutrons of total flux ~0.5-10'* neu- 

trons/em*. For the upper spectrum the microwave power was about 25 times larger than for the 

lower spectrum. An easily saturated line, which is seen only as a small bump in the upper spec- 
trum, is partially resolved and clearly seen in the lower one. 


This latter line could be saturated much easier than the broad line. At room 
temperature the broad line had a width of (49+5) gauss and showed no structure. 
At liquid air temperature it had a width of (445) gauss and could be par- 
tially resolved into six equidistant components. The distance between two neigh- 
bouring components was (8.3 +0.6) gauss. The narrow line could not be further 
resolved at room temperature or at liquid air temperature. At room temperature 
its width was about 3 gauss, and at liquid air temperature it was approxi- 
mately 1 gauss. Except for the structure of the broad line which has not been 
reported previously these results agree with those obtained by Weeks{1l] for 
high-purity fused quartz irradiated with fast neutrons at temperatures around 
250°C and above 300°C and by van Wieringen & Kats [2] for fused silica irra- 
diated with X-rays at room temperature. 

Fig. 1 shows two ESR spectra which we have obtained at liquid air tempe- 
rature. In the upper spectrum the narrow line is strongly saturated and appears 
only as a small bump. For the lower spectrum the microwave power was about 
25 times smaller. Here the narrow line is less saturated and is therefore much 
enhanced compared with the broad line. 
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We have also irradiated a quartz tube at room temperature with 185 MeV 
protons (total flux ~2.6-10" protons/em?) from the synchrocyclotron at the 
Gustaf Werner Institute for Nuclear Chemistry in Uppsala. We found the same 
broad resonance signal with the same structure (at liquid air temperature) as in 
the neutron irradiation experiments described above. For the proton irradiated 
tube the narrow signal could not be seen even at small microwave power. If the 
narrow signal is present in the proton irradiated quartz tube, it has therefore 
an intensity which is much less (compared with that of the broad signal) than 
in the neutron irradiated quartz tubes. 

The reason for the structure of the broad component may be similar to that 
considered by Griffiths et al. [3] and by O’Brien [4]. Griffiths et al. investigated 
a natural single crystal of quartz and found an anisotropic resonance (g, = 2.06 
and g,=2.00) with an isotropic hyperfine structure consisting of six equidistant 
lines with a spacing of ~6 gauss. They interpreted the hyperfine structure as 
due to the interaction between the unpaired electron and the nucleus Al?’ (nu- 
clear spin 5/2) which is present as impurity in quartz. It seems reasonable to 
assume that an averaging of such a resonance over all orientations in space 
could give a resonance line centered near g=2.00 and with a partially resolved 
hyperfine structure. If this is correct, and if the atomic surroundings of Al?? 
are similar in crystalline and fused quartz, our ESR spectrum of fused quartz 
could also be explained on the basis of an AI?’ hyperfine structure. In order to 
test this model we irradiated two single crystals of quartz! with neutrons (total 
flux ~0.5-101!8 thermal neutrons/em? sec). Unfortunately the ESR spectra of 
these single crystals were not the same as that reported by Griffiths et al. [3] 
but were more complex. After our crystals had been crushed to powder they 
showed asymmetric ESR lines which were similar to each other (g = 2.0065 + 0.0010, 
width ~11 gauss) but showed no resemblance to the resonance spectrum of fused 
quartz. Weeks [1], however, has found a close similarity between the narrow 
ESR line in fused quartz and the ESR spectrum of a crushed quartz crystal. 


Fused quartz irradiated at liquid air temperature with X-rays and y-rays 


Quartz tubes of the same kind as previously used were irradiated at liquid 
air temperature with X-rays (~1-10°r, ~ 150 kV). After that treatment we found 
a narrow resonance line superimposed on a broader resonance structure. The 
broad line still remains when the tubes are warmed to room temperature. It 
has a g-value of 2.011+0.002 and a width of about 40 gauss. This signal is 
similar to the signal found in quartz tubes irradiated at room temperature with 
neutrons or protons. The narrow line is asymmetric and has g= 2.0068 + 0.0010 
and a width of about 7 gauss. Its intensity was found to decrease with time, 
and the decrease was more rapid the higher the temperature of the quartz tubes 
(after the irradiation). When the temperature was raised to room temperature, 
the narrow line disappeared completely almost immediately. The decay was studied 
in detail at the two constant temperatures 7’=126°K and 7'=149°K. Within 


1 One of the crystals was a Brazilian electric quartz crystal obtained from Telefonaktiebolaget 
L M Ericsson in Stockholm, and the other was a natural quartz crystal obtained from the Insti- 
tute of Mineralogy in Uppsala. 
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INTENSITY 
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Fig. 2. Decay curves for the intensity I, (arbitrary scales) of the unstable ESR signal in tubes 

of fused quartz irradiated at liquid air temperature with X-rays. The figures a and b refer to the 

temperatures 7’= 126°K and 7’=149°K, respectively. For each temperature the experimentally 

measured intensity curve, which is fulldrawn, has been resolved into the dotted straight lines, one 
representing a constant and the other a purely exponential decay. 
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the accuracy of the measurements the width and shape of the line was the same 
at these two temperatures as at liquid air temperature and could not be seen 
to change with time. The intensity of the resonance signal, which was measured 
for about one hour, can be resolved into a constant (which reprensents probably 
in reality a component decaying in a time of at least some hours) and an ex- 
ponentially decaying component. The half-life of the latter component is 12 min- 
utes at 7’'=126°K and 5 minutes at 7 =149°K. See Fig. 2. 

As the g-value of the decaying signal is larger than that of the free electron 
(which is g=2.0023), we interpret the decaying signal as arising from electron 
deficient centres (holes) [5]. The fact that the width and shape of the signal does 
not seem to change with time indicates that these holes are only of one single 
kind. The way in which the ESR signal decays shows that the holes may be 
filled because of two different processes. The purely exponential nature of the 
more rapidly decaying component of the ESR signal and the fact that its half- 
life is temperature dependent can be understood if the corresponding traps all 
have the same energy and if an electron transition from such a trap to a hole 
takes place e.g. via the conduction band. The process must also be of first order [6] 
which means that to every trap there corresponds a neighbouring hole with which 
the electron from the trap combines. If the energy difference between the con- 
duction band and the trap is called AH(>0), the probability per unit time for 
the transition of an electron from the trap to the hole should be proportional 
to exp {— AE/kT}, i.e., the partial half-life should be proportional to exp {AH/kT}. 
Combining this expression with the values of the two measured half-lives for the 
rapidly decaying component of the narrow spin resonance signal (12 minutes at 
T =126°K and 5 minutes at 7’'=149°K), we find that AZ~0.1eV. About the 
nature of the traps which are associated with the constant (i.e., slowly decaying) 
component we cannot draw any conclusions from our measurements. 

If the temperature of an X-ray irradiated quartz tube is raised sufficiently 
much above liquid air temperature, it emits phosphorescence light of a bluish 
colour [7]. If the temperature is raised rapidly and then kept constant, the inten- 
sity decreases regularly. By means of a photomultiplier (RCA 6342) the intensity 
I, of the phosphorescence light was measured as a function of the time ¢ at the 
two temperatures 7’=127°K and 7'=144°K. The linearity of the photomultiplier 
was checked and was found to be satisfactory. The results of the intensity meas- 
urements are given in Fig. 3 which shows that 1/Z, increases, for fixed tem- 
perature 7’, with satisfactory approximation linearly with the time ¢ during the 
first period of the phosphorescence. Randall & Wilkins [8] and Kikuchi [7] have shown 
that after a short time (certainly less than a minute) the phosphorescence light 
intensity should decrease precisely in this way (and hence more slowly than 
exponentially) during the first period of the phosphorescence, if the electrons in 
the traps are initially uniformly distributed with respect to the energy and if 
the phosphorescence is due to a first order process [6]. Therefore it seems very 
probable that the traps associated with the phosphorescence have an energy 
distribution which is more or less uniform. (Note, however, that the assumption 


of a uniform initial energy distribution for the electrons in the traps does not 


necessarily imply that the same is true for the energy distribution of the traps.) 
Since we have previously found support for the assumption that the traps as- 
sociated with the decay of the rapidly decaying component of the unstable ESR 


signal all have the same energy, it seems probable that the traps associated 


563 


P. 0. FROMAN et al., Electron spin resonance 


V/1p 


0.06 


005 


0.04 


003 


0.02 


0 10 20 30 40 50 minutes 


0.08: 


006 


0.04 


0.02 


0 10 20 30 40 50 minutes 

b 
Fig. 3. For quartz tubes irradiated at liquid air temperature with X-rays (~1-10°r, ~ 150 kV) 
the reciprocal of the phosphorescence light intensity, i.e., 1/I, is plotted (in arbitrary units) 


against the time ¢ for measurements made at the two temperatures T =127°K (Fig. 4a) and 
T = 144°K (Fig. 4b). 
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Fig. 4. This figure shows plots of } I, dt against I, (0) —Z, (¢) for T~126.5°K and ty = 1, 2, and 


3 minutes. The units on the axes i arbitrary. The reason for the slight and nonessential differ- 
ence between the temperatures at which the ESR and light intensity measurements were made is 
that it was a time-consuming procedure to adjust the temperature precisely to a prescribed value. 


with this ESR signal and with the phosphorescence are of different kinds. We 
shall now show how one can arrive at a similar conclusion from a somewhat 
different point of view. 

We have interpreted the unstable ESR signal to be due to holes. Let us 
assume that the phosphorescence light is emitted when these holes become filled 
because of a process of any order. If the samples in which one investigates the 
unstable ESR signal and the phosphorescence light have been treated and irra- 
diated in the same way, the following formulae would be true: 


I, = const: 


dn 
I,= —const-— 


dt 


Here n is the number of holes at the time ¢t. These two formulae give 


J s 
dt 
and hence 


oO 
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to+t 


J I, dt= const {7, (0) — I, (t)} 


where ¢, is a time which has been introduced to account for the possibility that 
the zero points for the times in the ESR and phosphorescence measurements 


may be displaced with respect to each other by an unknown time interval of 
to+t 


the order of one minute. Fig. 4 shows plots of f I,dt against J, (0)—T; (t) for 
t 


I~126°5 K and a few reasonable values of f). It is seen that it is not possible 
to fit the experimental points satisfactorily by a straight line through the origin 
for any one of these ¢)-values. This shows that our above assumption is not 
correct. Hence we conclude that there exists no simple relation between the 
unstable spin resonance signal and the phosphorescence light. 

It is possible that the unstable ESR signal may be associated in a simple 
way with the processes responsible for changes in the absorption of light in 
quartz tubes which may occur on X-ray irradiation at liquid air temperature. 
We have tried to measure such changes in the optical absorption at liquid air 
temperature by means of a Beckman spectrophotometer, but we found it diffi- 
cult to obtain reproducible results. This question therefore remains open. 

We have also irradiated tubes of fused quartz at liquid air temperature with 
y-rays from a ~90 curie source of Co available at the Gustaf Werner In- 
stitute for Nuclear Chemistry in Uppsala. The total dose was ~4-10°r. After 
the y-irradiation the fused quartz showed the same resonance spectrum and 
similar thermoluminescence properties as in the case of X-ray irradiation. 


Finally we wish to thank Profossor Kai Siegbahn for his interest in this work and for the 
good experimental facilities which he has placed at our disposal. 


Institute of Physics, University of Uppsala, Uppsala, Sweden, February 1959. 
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